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Abstract 
The purpose of this research was to investigate the biomechanical properties of the adult human 
skull and the structural changes that occur with age in both sexes. The heads of 94 Japanese cadavers 
(54 male cadavers, 40 female cadavers) autopsied in our department were used in this research. A 
total of 376 cranial samples, four from each skull, were collected. Sample fracture load was 
measured by a bending test. A statistically significant negative correlation between the sample 
fracture load and cadaver age was found. This indicates that the stiffness of cranial bones in Japanese 
individuals decreases with age, and the risk of skull fracture thus probably increases with age. Prior 
to the bending test, the sample mass, the sample thickness, the ratio of the sample thickness to 
cadaver stature (ST/CS), and the sample density were measured and calculated. Significant negative 
correlations between cadaver age and sample thickness, ST/CS, and the sample density were 
observed only among the female samples. Computerized tomographic (CT) images of 358 cranial 
samples were available. The computed tomography value (CT value) of cancellous bone which 
refers to a quantitative scale for describing radiodensity, cancellous bone thickness and cortical bone 
thickness were measured and calculated. Significant negative correlation between cadaver age and 
the CT value or cortical bone thickness was observed only among the female samples. These 
findings suggest that the skull is substantially affected by decreased bone metabolism resulting from 
osteoporosis. Therefore, osteoporosis prevention and treatment may increase cranial stiffness and 
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reinforce the skull structure, leading to a decrease in the risk of skull fractures. 
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Introduction 
Fractures in elderly people are an important public health issue because the incidence of fractures 
increases with age, and the elderly population is growing [1]. Fracture is one of the main reasons that 
the elderly become bedridden [2], and this remarkably worsens their quality of life. There are 2 
reasons why elderly people are more likely to sustain fractures. One is that they often suffer 
traumatic injuries from incidents such as falling or traffic accidents. The other is that with normal 
aging, both elderly men and women lose estrogen and incur bone loss and osteoporosis, which is 
especially prominent in women after menopause [3]. 
The predominant fracture sites in elderly people include the vertebrae, femoral neck, wrist, proximal 
humerus, and hip [4,5]. However, there has been no study demonstrating that elderly people are 
more likely to sustain a skull fracture, although they are at risk of experiencing head injuries. Skull 
fracture is an important issue because it is an independent risk factor for life-threatening intracranial 
complications such as epidural hematoma, subdural hematoma and cerebral hemorrhagic contusion 
[6]. Therefore, it is beneficial to investigate skull changes during aging using statistical analyses. 
The mechanical properties of human cranial bones have been evaluated using a variety of methods 
such as compression, tension, and bending tests, but the majority of these studies have been 
concentrated on fetal cranial bones [7–15]. Fetal cranial bones are composed of a thin and 
non-homogeneous cortical bone layer, whereas mature adult cranial bones have stiff inner and outer 
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strata consisting of cortical bone and a lightweight trabecular layer between them [16]. With this 
structural development, the mechanical properties of cranial bones change with age. However, few 
reports have been published on the mechanical properties of adult bone. Lynnerup reported that there 
was no correlation between cranial thickness and age, height, or weight [17]; however no report has 
been published investigating the association between adult cranial stiffness and age.  
Some authors have reported that the fusion of the epiphysis with the diaphysis begins at puberty and 
is usually complete by the age of 25 years, after which no further bone growth can take place [18-20]. 
In this study, to understand how the mechanical properties and the structure of the skull change with 
age, we evaluated the cranial bones of cadavers over 25 years old at the time of death. 
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Methods 
This study protocol was approved by the ethics committee of our university, and did not require 
approval of the subjects’ kin. 
The skull bones used in this research were obtained from 94 Japanese cadavers over the age of 25 at 
death that were autopsied at the Department of Legal Medicine at our university between May 2012 
and March 2013. Unidentified cadavers, cases with obvious head injury, and burned specimens were 
excluded from this study. 
Prior to autopsy, all human cadavers were imaged via a whole-body multidetector computed 
tomography (CT) scanner (Eclos, Hitachi Medical Corporation, Tokyo, Japan). A head series was 
obtained from the skull vertex to the superior margin of the sternum. The scan was performed using 
a 16-row detector with 0.63-mm collimation (120 kV, and 200 mA). No contrast material was 
administered. All images were reconstructed at the CT console to a section thickness of 0.63 mm 
with the bone kernel (image reconstruction algorithm for bone). After reconstruction, the images 
were sent to a workstation (Vincent, Fujifilm Medical, Tokyo, Japan) for processing. 
During the autopsy, the stature of the cadaver was measured and bone specimens were taken from 4 
cranial sites in each skull (i.e., the parietal, occipital, left temporal, and right temporal bones) (Fig. 1). 
The length of each specimen was fixed at 50 mm, and the width was fixed at 10 mm. The parietal 
specimens were tangent to the left side of the coronal suture and along the sagittal suture. The 
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occipital specimens extended horizontally, and the center of these samples matched the middle point 
between the lambda and the external occipital protuberance. The left temporal specimens were 
tangent to the left side of the coronal suture and through the left superior temporal line. The right 
temporal specimens were tangent to the right side of the coronal suture and through the right 
superior temporal line. These samples were obtained using an oscillating saw and washed with saline. 
The thickness of each sample was measured at the center of the sample. Next, the mass of the sample 
was also measured with the electronic scale. This device can measure from 0.1 g to 600 g and was 
used to measure the mass of all samples in the present study.  
The skull thickness-to-the cadaver stature ratio (ST/CS) was determined by dividing the skull 
thickness by the cadaver stature. The sample density was calculated by dividing the mass by the 
product of the length, width and thickness. The cancellous bone thickness at the center of each 
sample was measured by a CT-reconstructed image with a bone window setting (WL: 500, WW: 
2000). In addition, the computed tomography value (CT value) at the center of the cancellous bone 
which refers to a quantitative scale for describing radiodensity was also measured. Then, the cortical 
bone thickness, the sum of the inner and outer table, was calculated by subtracting the cancellous 
bone thickness from the skull thickness. Assessments and measurements of the cancellous bone 
thickness and the CT value of the 30 images selected randomly from the subjects in this study were 
performed again for the evaluation of intraobserver reliability. 
  9 
Bending tests, which have been used to determine the mechanical properties of bone (including the 
human skull) in previous studies [10,21–24], were performed using a three-point-bending apparatus 
(JSV-H1000, JISC, Nara, Japan) attached to a Handy digital force gauge (HF-100, JISC, Nara, 
Japan). Two lower supports were set 40 mm apart, and 1 specimen was placed on the 2 supports. 
One upper nose was a 1000-N load cell that applied pressure to the center of the specimen from the 
outer surface at a constant speed. The device then recorded the specimen fracture load. We recorded 
1000 N when a sample bore the pressure of 1000 N and was not fractured. 
In the present study, the Mann–Whitney U test was used to compare the fracture load, the sample 
thickness, ST/CS, the density, the CT value of the cancellous bone, the cortical bone thickness, and 
the cancellous bone thickness between samples derived from male and female cadavers at each of 4 
cranial sites to determine whether there were sex differences. The Wilcoxon test was used to 
estimate the amount of intraobserver error. The non-parametric Spearman correlation coefficient was 
used to examine the relationships between cadaver age and sample fracture load, sample thickness, 
ST/CS, sample density, CT value of the cancellous bone, cortical bone thickness, or cancellous bone 
thickness by sex. The Spearman correlation coefficient was also calculated to examine the 
relationship between the cadaver age and the cranial bones fracture load at the 4 sample points by 
sex. Differences were considered significant at P < 0.01. 
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Results 
The present study was performed on skulls obtained from 94 Japanese cadavers. The sex ratio was 
54:40 (male to female). Table 1 shows descriptive statistics of cadaver age and stature by sex. There 
was no significant difference in age between male and female cadavers, whereas a statistically 
significant difference was observed in stature between male and female cadavers.  
A total of 376 bone samples were collected (54 male parietal, 40 female parietal, 54 male occipital, 
40 female occipital, 54 male left temporal, 40 female left temporal, 54 male right temporal, and 40 
female right temporal, respectively). CT images of 376 samples were collected; however, 18 samples 
(2 male parietal, 1 female parietal, 4 male occipital, 1 female occipital, 4 male left temporal, 1 
female left temporal, 4 male right temporal, and 1 female right temporal) were excluded because the 
position of 5 cadaver heads was inappropriate for CT scanning, and 18 cranial samples collected 
from the 5 heads could not be imaged clearly before autopsy. Table 2 shows the means, standard 
deviations, and the differences in fracture load, thickness, ST/CS, density, CT value of the cancellous 
bone, cortical bone thickness, and cancellous bone thickness between male and female samples. No 
significant difference was found between male and female samples with regard to thickness. Fracture 
load, density, CT value of the cancellous bone, and cortical bone thickness of the male samples were 
not significantly, but slightly greater than those of the female samples. ST/CS and cancellous bone 
thickness of the female samples were significantly greater than that observed in the male samples. 
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Tables 3–9 show the means, standard deviations, and differences in fracture load, thickness, ST/CS, 
density, CT value of the cancellous bone, cortical bone thickness, and cancellous bone thickness at 
each of 4 cranial points between the male and female samples. Fracture load of male samples was 
significantly greater than that of the female samples at the parietal and occipital points, whereas no 
significant difference was found between the male and female samples with regard to fracture load at 
either temporal points (Table 3). There was no significant difference in the thickness at the 4 points, 
but the thickness of the male samples at the parietal and occipital points was slightly greater than 
that of the female samples (Table 4). In addition, the thickness of the male samples at both temporal 
points was slightly lower than that of the female samples. ST/CS of the female samples was 
significantly greater than that of the male samples at both temporal points, whereas no significant 
difference was found between the male and female samples with regard to ST/CS at parietal or 
occipital points (Table 5). There was no significant difference in the density or the CT value of the 
cancellous bone at the 4 points between the male and female samples, however the density and the 
CT value of the male samples at temporal points were slightly greater than those of the female 
samples (Tables 6 and 7). The intraobserver difference in the CT value of the cancellous bone was 
tested with the Wilcoxon test, and no significant difference was found (P = 0.786). The cortical bone 
of the male samples was significantly thicker than that of the female samples at the parietal and 
occipital points, and significantly thinner at the left temporal point (Table 8). The cortical bone of the 
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male samples at the right temporal point was slightly thinner (not significant) than that of the female 
samples. The cancellous bone among female samples was significantly thicker than that observed in 
the male samples at the parietal and occipital points, whereas no significant difference was found in 
cancellous bone thickness between the male and female samples at either temporal points (Table 9). 
The intraobserver difference in the cancellous bone thickness was tested with the Wilcoxon test, and 
no significant difference was found (P = 0.862). 
Table 10 shows the Spearman correlation coefficient between cadaver age and fracture load, 
thickness, ST/CS, density, CT value of the cancellous bone, cortical bone thickness, or cancellous 
bone thickness by sex. There was a significant negative correlation between sample fracture load and 
cadaver age for both the male and the female group. The Spearman correlation coefficient was much 
larger across the measured parameters for female samples than for male samples (Fig. 2). No 
significant correlation was found between cadaver age and sample thickness, ST/CS, or density of 
the male samples, whereas there was a significant negative correlation between these factors among 
female samples (Figs. 3–5). For female samples, there was a significant negative correlation between 
cadaver age and CT value or cortical bone thickness, whereas there was no significant correlation 
between these factors for male samples (Figs. 6, 7). No significant correlation could be found 
between cadaver age and cancellous bone thickness for either male or female samples (Fig. 8). 
Table 11 shows the Spearman correlation coefficient between cadaver age and sample fracture load 
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at the 4 sample points by sex. There was a significant negative correlation between age and fracture 
load at all sampling points except at the parietal and occipital points for male samples. 
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Discussion 
Our main finding in this study was a statistically significant negative correlation between sample 
skull fracture load and the cadaver age. There was a stronger correlation between these factors in 
female samples than in male samples. This indicates that aging is associated with a decrease in the 
stiffness of cranial bones in Japanese individuals, especially women, which increases the possibility 
of skull fractures. 
In addition, we investigated the correlation between the load necessary to fracture bone samples and 
cadaver age by sex at each of the 4 cranial sites. The results showed that there was no significant 
correlation between these factors at the parietal and occipital points in male samples. We also found 
that there was a significant difference between male and female samples with regard to sample 
fracture load at those 2 points. These findings suggest that the stiffness of the skull is not affected by 
aging at the parietal and occipital points in males, resulting in a difference in stiffness at these 2 
points between the sexes. Delannoy et al. [25] found that the average stiffness of samples from the 
temporal area was lower than that of samples from the frontal and parietal areas. However, the 
results of this study showed that the average fracture load of the female samples from the temporal 
sites was greater than that from the parietal site. Further studies involving more sites including the 
frontal area are needed. 
In the present study, there was a significant negative correlation between the cranial thickness and 
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cadaver age among Japanese female samples. However, Lynnerup et al. [20] reported that there was 
no correlation between the cranial thickness and age in a Danish forensic sample. Other authors have 
recorded a slight increase in cranial thickness with age [26–28]. Some researchers noted an increase 
in osteometric dimensions of the humerus and tibiae of older persons when compared with their 
younger counterparts as well [29–31]. Taken together, it seems all populations do not age in the same 
way. 
Pelin and colleagues [32] reported that stature is positively correlated with long-bone length. In fact, 
the average stature of Japanese women was reported to increase 9.8 cm from 1950 to 2007 [33]. 
Therefore, we consider that older Japanese women are comparatively shorter and their bones, 
including the skull, might also be relatively small and thin compared with younger individuals. 
Therefore, to eliminate a possible stature bias, we divided the skull thickness by the cadaver stature 
and determined the thickness-to-stature ratio (ST/CS). We then calculated the Spearman correlation 
coefficient between ST/CS and age and found that there was also a significant negative association 
between them among the female samples. Furthermore, there was no significant correlation between 
skull thickness and the age of the male samples, even after eliminating the possible stature bias. This 
finding suggests that the skulls of Japanese women become thinner during aging, regardless of 
stature.  
Considering that this study demonstrated many strong negative correlations with age among female 
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samples, it is likely that the skull is profoundly affected by decreased bone metabolism, which is 
predominantly caused by postmenopausal osteoporosis in women. Although osteoporosis also occurs 
in men as bone density decreases with age [34], the process in men does not occur as rapidly as in 
postmenopausal women. Lynnerup et al. [20] found that there might be a slight trend for women to 
have decreased cranial thickness over 50–60 years of age. They also considered that one of the 
reasons for this trend was postmenopausal changes in bone metabolism. To confirm this hypothesis, 
we measured cortical bone thickness and CT value of the cancellous bone and investigated their 
correlation with age. We then clarified that with age, the cortical bone becomes thinner and there is a 
decrease in the CT value of cancellous bone among samples obtained from Japanese female cadavers. 
In addition, it is noted that the cortical bone of the female samples was thicker than that of the male 
samples at the temporal points. These results suggest that the cortical bone of the young female 
samples at temporal points may be much thicker than that of the young male samples probably due 
to high estrogen levels before menopause. Therefore, further studies including many young Japanese 
subjects to measure the cortical bone thickness at temporal points are needed. 
It is well known that during menopause women experience a dramatic decrease in estrogen levels. 
Estrogen deficiency leads to increased osteoclast formation, enhanced bone resorption and 
cancellous as well as cortical bone loss. These mechanisms induce decreased bone mass, disturbed 
bone architecture, and decreased bone strength [35]. Imaging studies obtained from patients with 
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osteoporosis reveal a substantially thinner cortical zone, a decreased trabecular thickness, and an 
increased trabecular spacing and anisotropy [4,36,37]. These findings are in agreement with the 
results of the present study. Hence, our study demonstrates that the skull is substantially affected by 
decreased bone metabolism resulting from osteoporosis. 
Several researchers have suggested that as bone density decreases in cortical and endosteal bone 
surfaces, the medullary cavity expands and causes an increase in thinning of the cortical bone due to 
continuing periosteal apposition (CPA) [38–44]. CPA is the process in which periosteal bone 
continues to be added to the skeletal structure in response to endosteal bone loss associated with 
aging, and may lead to larger measurements in the cranial and post-cranial skeletons of the elderly 
compared with younger individuals [45,46]. Walker [47] reported that a large percentage of 
skeletons of elderly females isolated from an English cemetery were misclassified as males on the 
basis of robust supra-orbital regions on the cranium, which resulted from bone density loss and CPA. 
Smith and Walker [48] also reported an increase in the periosteum and a decrease in cortical 
thickness at the mid-shaft diameter in the femur of elderly European women resulting in increased 
diameter of the area. Other studies have revealed that bone mineral is often lost between middle age 
and old age (particularly in women of European descent), and although cortical bone decreases, the 
actual size of the bone structure increases [29,49–52]. However, our study revealed that the thickness 
of Japanese female cranial samples decreases with age. Vance et al. [46] reported that African 
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populations most often exhibit a higher bone density and have less risk of stress microfractures and 
osteoporosis than European ones. There may be a difference in the extent of bone structure changes 
with osteoporosis between populations. Further studies examining the biomechanical properties of 
the adult skull and the structural changes that occur in both sexes with age, and across ethnic groups, 
are warranted. 
Ensrud et al. [34] reported that estrogen therapy may significantly decrease bone loss. Taken together, 
osteoporosis prevention and treatment may be an effective way to increase the cranial stiffness and 
thickness and to reinforce the skull structure, leading to a decrease in the risk of skull fractures. 
Other than estrogen deficiency, factors such as poor nutrition, excessive alcohol intake, tobacco 
smoking and certain medications can disturb bone metabolism and structure, resulting in a decrease 
in bone mass [53,54]. Pearson and Lieberman [55] reported that the loss or gain of bone density 
within an individual is directly correlated with external factors such as lifestyle, diet, population 
affinity, physical activity during adolescence, genetic make-up, age, and mechanical function. In 
future studies, ante-mortem data should be collected taking into account nutrition conditions, history 
of chronic alcohol use, cigarette smoking, and drug abuse, as well as other external factors.  
Moreover, the detailed shape of bone samples is presumably related to fragility, and the acceleration 
of the external impact may have an effect on the bone fracture load. Further biomechanical 
investigations are required to confirm these hypotheses. 
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Figure captions 
Fig. 1. Orientations of the samples extracted from each of the cadaver skulls. Parietal (upper left); 
Occipital (upper right); Left temporal (bottom left); Right temporal (bottom right) 
 
Fig. 2. Scatter plot showing the comparisons between sample fracture load and age. (a) Male 
samples; (b) Female samples 
 
Fig. 3. Scatter plot showing the comparisons between sample thickness and age. (a) Male samples; 
(b) Female samples 
 
Fig. 4. Scatter plot showing the comparisons between ST/CS and age. (a) Male samples; (b) Female 
samples 
 
Fig. 5. Scatter plot showing the comparisons between sample density and age. (a) Male samples; (b) 
Female samples 
 
Fig. 6. Scatter plot showing the comparisons between CT value of cancellous bone and age. (a) Male 
samples; (b) Female samples 
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Fig. 7. Scatter plot showing the comparisons between cortical bone thickness and age. (a) Male 
samples; (b) Female samples 
 
Fig. 8. Scatter plot showing the comparisons between cancellous bone thickness and age. (a) Male 
samples; (b) Female samples
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Tables 
Table 1. Descriptive statistics of cadaver age and stature by sex. 
 
Table 2. Means, standard deviations, and differences in fracture load, thickness, ST/CS (the skull 
thickness to cadaver stature ratio), density, CT value of cancellous bone, cortical bone thickness and 
cancellous bone thickness between male and female samples. 
 
Table 3. Means, standard deviations, and differences in fracture load at each sample point between 
male and female samples. 
 
Table 4. Means, standard deviations, and differences in thickness at each sample point between male 
and female samples. 
 
Table 5. Means, standard deviations, and differences in ST/CS at each sample point between male 
and female samples. 
 
Table 6. Means, standard deviations, and differences in density at each sample point between male 
and female samples. 
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Table 7. Means, standard deviations, and differences in CT value of cancellous bone at each sample 
point between male and female samples. 
 
Table 8. Means, standard deviations, and differences in cortical bone thickness at each sample point 
between male and female samples. 
 
Table 9. Means, standard deviations, and differences in cancellous bone thickness at each sample 
point between male and female samples. 
 
Table 10. Spearman correlation coefficients and associated probabilities between cadaver age and 
sample fracture load, sample thickness, ST/CS, sample density, CT value of cancellous bone, cortical 
bone thickness, or cancellous bone thickness by sex. 
 
Table 11. Spearman correlation coefficients and associated probabilities between cadaver age and 
sample fracture load at each sample point by sex. 
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Table 1. Descriptive statistics of cadaver age and stature by sex. 
*Standard Deviation, + P < 0.05, ++ P < 0.01 
 
Male cadavers (n = 54)  Female cadavers (n = 40)  
P value  
Range Mean ± SD*  Range Mean ± SD*  
Age (years) 30–90 59.4 ± 16.4  28–95 61.6 ± 17.5  0.592 
Stature (cm) 152.0–182.0 167.9 ± 7.0  135.0–171.5 154.8 ± 8.6  0.000++ 
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Table 2. Means, standard deviations, and differences in fracture load, thickness, ST/CS (the skull thickness to cadaver stature ratio), density, CT value of 
cancellous bone, cortical bone thickness and cancellous bone thickness between male and female samples. 
*Mean ± Standard Deviation (SD), + P < 0.05, ++ P < 0.01 
 Male samples  Female samples  P value  
Load (N) 484.7 ± 222.4* (n = 216) 458.6 ± 243.9* (n = 160) 0.133 
Thickness (mm) 6.5 ± 1.8* (n = 216) 6.5 ± 1.5* (n = 160) 0.803 
ST/CS 0.039 ± 0.011* (n = 216) 0.042 ± 0.010* (n = 160) 0.001++ 
Density (g/cm3) 1.7 ± 0.4* (n = 216) 1.6 ± 0.3* (n = 160) 0.031+ 
CT value (Hounsfield Unit) 595.2 ± 280.9* (n = 202) 561.4 ± 296.1* (n = 156) 0.151 
Cortical thickness (mm) 3.3 ± 2.1* (n = 202) 2.6 ± 1.2* (n = 156) 0.101 
Cancellous thickness (mm) 3.1 ± 1.1* (n = 202) 3.8 ± 1.4*(n = 156) 0.000++ 
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Table 3. Means, standard deviations, and differences in fracture load at each sample point between male and female samples. 
*Mean ± Standard Deviation (SD) N, + P < 0.05, ++ P < 0.01 
 Male samples  Female samples  P value  
Parietal 484.2 ± 263.6* (n = 54) 383.4 ± 234.8* (n = 40) 0.001++ 
Occipital 574.3 ± 225.1* (n = 54) 406.1 ± 262.7* (n = 40) 0.001++ 
Left temporal 443.3 ± 178.2* (n = 54) 514.7 ± 233.9* (n = 40) 0.289 
Right temporal 436.8 ± 191.1* (n = 54) 435.0 ± 234.2* (n = 40) 0.837 
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Table 4. Means, standard deviations, and differences in thickness at each sample point between male and female samples. 
*Mean ± Standard Deviation (SD) mm, + P < 0.05, ++ P < 0.01 
 Male samples Female samples P value  
Parietal 6.7 ± 1.9* (n = 54) 6.2 ± 1.5* (n = 40) 0.133 
Occipital 8.0 ± 1.7* (n = 54) 7.2 ± 1.5* (n = 40) 0.018+ 
Left temporal 5.7 ± 1.1* (n = 54) 6.6 ± 1.6* (n = 40) 0.037+ 
Right temporal 5.5 ± 1.5* (n = 54) 6.1 ± 1.4* (n = 40) 0.084 
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Table 5. Means, standard deviations, and differences in ST/CS at each sample point between male and female samples. 
*Mean ± Standard Deviation (SD), + P < 0.05, ++ P < 0.01 
 Male samples Female samples  P value  
Parietal 0.040 ± 0.012* (n = 54) 0.040 ± 0.009* (n = 40) 0.936 
Occipital 0.048 ± 0.010* (n = 54) 0.047 ± 0.010* (n = 40) 0.541 
Left temporal 0.034 ± 0.007* (n = 54) 0.042 ± 0.010* (n = 40) 0.000++ 
Right temporal 0.033 ± 0.009* (n = 54) 0.039 ± 0.009* (n = 40) 0.001++ 
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Table 6. Means, standard deviations, and differences in density at each sample point between male and female samples. 
*Mean ± Standard Deviation (SD) g/cm3, + P < 0.05, ++ P < 0.01 
 Male samples Female samples  P value  
Parietal 1.7 ± 0.4* (n = 54) 1.7 ± 0.3* (n = 40) 0.827 
Occipital 1.7 ± 0.4* (n = 54) 1.7 ± 0.3* (n = 40) 0.708 
Left temporal 1.7 ± 0.4* (n = 54) 1.5 ± 0.3* (n = 40) 0.023+ 
Right temporal 1.8 ± 0.4* (n = 54) 1.6 ± 0.4* (n = 40) 0.011+ 
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Table 7. Means, standard deviations, and differences in CT value of cancellous bone at each sample point between male and female samples. 
*Mean ± Standard Deviation (SD) Hounsfield Unit, + P < 0.05, ++ P < 0.01 
 Male samples Female samples P value  
Parietal 575.9 ± 340.4* (n = 52) 592.4 ± 280.8* (n = 39) 0.879 
Occipital 567.7 ± 259.6* (n = 50) 612.9 ± 259.1* (n = 39) 0.480 
Left temporal 594.5 ± 235.4* (n = 50) 484.1 ± 325.6* (n = 39) 0.035+ 
Right temporal 643.4 ± 276.9* (n = 50) 556.3 ± 309.5* (n = 39) 0.162 
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Table 8. Means, standard deviations, and differences in cortical bone thickness at each sample point between male and female samples. 
*Mean ± Standard Deviation (SD) mm, + P < 0.05, ++ P < 0.01 
 Male samples Female samples P value  
Parietal 3.7 ± 1.8* (n = 52) 2.1 ± 0.9* (n = 39) 0.000++ 
Occipital 5.0 ± 2.5* (n = 50) 3.0 ± 1.0* (n = 39) 0.000++ 
Left temporal 2.3 ± 1.5* (n = 50) 3.0 ± 1.1* (n = 39) 0.001++ 
Right temporal 2.3 ± 2.1* (n = 50) 2.7 ± 1.1* (n = 39) 0.031+ 
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Table 9. Means, standard deviations, and differences in cancellous bone thickness at each sample point between male and female samples. 
*Mean ± Standard Deviation (SD) mm, + P < 0.05, ++ P < 0.01 
 Male samples Female samples P value  
Parietal 3.0 ± 0.9* (n = 52) 4.1 ± 1.4* (n = 39) 0.000++ 
Occipital 3.0 ± 1.3* (n = 50) 4.2 ± 1.4* (n = 39) 0.000++ 
Left temporal 3.4 ± 1.2* (n = 50) 3.6 ± 1.4* (n = 39) 0.634 
Right temporal 3.2 ± 1.1* (n = 50) 3.4 ± 1.3* (n = 39) 0.505 
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Table 10. Spearman correlation coefficients and associated probabilities between cadaver age and sample fracture load, sample thickness, ST/CS, sample 
density, CT value of cancellous bone, cortical bone thickness, or cancellous bone thickness by sex. 
+
 P < 0.05, ++ P < 0.01 
 Male samples  Female samples  
 Correlation coefficient P value Correlation coefficient P value 
Load - 0.230 (n = 216) 0.001++ - 0.639 (n = 160) 0.000++ 
Thickness - 0.059 (n = 216) 0.390 - 0.453 (n = 160) 0.000++ 
ST/CS 0.041 (n = 216) 0.543 - 0.333 (n = 160) 0.000++ 
Density - 0.019 (n = 216) 0.779 - 0.317 (n = 160) 0.000++ 
CT value - 0.052 (n = 202) 0.462 - 0.412 (n = 156) 0.000++ 
Cortical thickness - 0.100 (n = 202) 0.158 - 0.373 (n = 156) 0.000++ 
Cancellous thickness - 0.039 (n = 202) 0.578 - 0.073 (n = 156) 0.368 
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Table 11. Spearman correlation coefficients and associated probabilities between cadaver age and sample fracture load at each sample point by sex. 
+
 P < 0.05, ++ P < 0.01 
 Male samples Female samples 
 Correlation coefficient P value Correlation coefficient P value 
Parietal - 0.059 (n = 54) 0.673 - 0.613 (n = 40) 0.000++ 
Occipital - 0.062 (n = 54) 0.654 - 0.558 (n = 40) 0.001++ 
Left temporal - 0.434 (n = 54) 0.001++ - 0.725 (n = 40) 0.000++ 
Right temporal - 0.423 (n = 54) 0.001++ - 0.693 (n = 40) 0.000++ 
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